The melt-solid dihedral angle has been measured in a range of igneous rock types, ranging in composition from picrite, through basalt, phonolite, andesite and rhyolite, for the minerals quartz, leucite, plagioclase, olivine, amphibole and clinopyroxene. Populations of up to 104 true 3-D angles were measured in each sample using a universal stage mounted on an optical microscope. The median and standard deviation of the angle populations for each mineral are distinct (plagioclase $25
INTRODUCTION
The angle subtended at the junctions of two solid grains in textural equilibrium with a fluid phase, the fluid-solidsolid dihedral angle, provides important information about the physical and chemical properties of a twophase system. The angle is controlled by the relative magnitudes of the energy of the grain boundary and that of the fluid-solid interfaces, via the governing equation:
where g 1 , g 2 , g 3 are the three interfacial energies, t i is the vector in the plane of the ith surface, normal to the line of intersection of the surfaces and pointing away from this line, and @g i /@t i is a vector perpendicular to t i and to the line of intersection (Herring, 1951a) . This equation defines the orientation of the interfaces at a three-grain junction or a pore corner, and hence the dihedral angle. The tangential component of this equation acts to minimize the surface area, whereas the normal component acts to rotate the interface towards an orientation with a lower interfacial area. Hence, in general, the dihedral angle varies with crystalline orientation (Herring, 1951a; Laporte & Provost, 2000a) . For isotropic systems, in which the interfacial energy is constant regardless of the orientation of the interface, the normal term vanishes. The resultant simplified form of this equation, applicable only to isotropic systems, was first presented by Smith (1948) . The variation of dihedral angle with pressure, temperature and fluid composition is controlled by the composition of the layer of adsorbed species on both the grain boundary and the fluid-solid interface (Holness, 1993) . Thus, determination of dihedral angle in P-T-X space can be used to constrain the nature and adsorption density of species at the interface (Holness, 1993; Holness & Lewis, 1997) .
The dihedral angle is a prime control on the connectivity of the fluid phase, and hence the permeability of the fluid-bearing rock. As a first approximation (neglecting the effects of crystalline anisotropy), systems with a fluidsolid dihedral angle 60 contain a fully interconnected network of fluid-filled channels on three-grain junctions, stable even for vanishingly low porosities (Smith, 1964; Bulau et al., 1979; Watson, 1982) . Realistic systems, with some anisotropy of interfacial energies, have a percolation threshold, at porosities of a few percent, even for median angles 60 (e.g. Minarik & Watson, 1995; Wark & Watson, 1998) .
Given the importance of the dihedral angle to rock properties, there have been numerous attempts to quantify the dihedral angle for melt-bearing systems of geological interest [see Laporte & Provost (2000b) for a comprehensive list to that date; also Wark et al. (2003) and Maumus et al. (2004) ]. Many of the data are contradictory, with wide ranges of reported angles for essentially the same systems, although the great majority are <60
. All the published data are experimental determinations of angles in either synthetic or natural systems, and comprise populations of angles measured on randomly oriented 2-D sections through the melt-bearing aggregate. The median value of such a population is close to the true, 3-D, dihedral angle for an isotropic system in which the angle is single-valued (Harker & Parker, 1945; Riegger & Van Vlack, 1960) . However, systems of interest to geologists are more or less anisotropic (e.g. Kretz, 1966; Vernon, 1968; Laporte 1994; Schäfer & Foley, 2002) , and a range of true 3-D angles is to be expected (Herring, 1951a; Laporte & Provost, 2000a) . Apart from the preliminary results of Holness et al. (2005) , there are no published direct measurements of the range of true 3-D angles in melt-bearing rocks, and consequently no assessments of the relative extent of anisotropy of these materials.
In this contribution I report the results of a series of measurements of true, 3-D, melt-solid dihedral angles for common rock-forming minerals forming enclaves, crystal clots and glomerocrysts in natural volcanic rocks. The new data suggest that melt-solid median angles are generally <40
and are not sensitive to melt composition. The effects of anisotropy result in standard deviations of 8-15 about the mean.
PREVIOUS WORK
In addition to the stabilization of a range of equilibrium 3-D dihedral angles, anisotropy of interfacial energies results in planar interfaces (Wulff, 1901; Herring, 1951b) . The equilibrium shape of an isolated grain of an anisotropic mineral, suspended in an isotropic medium, thus differs from the sphere expected for a grain of a perfectly isotropic substance. This shape may include facets, which either coexist with curved surfaces, or cover the entire surface area of the grain depending on the extent of anisotropy (Herring, 1951b) . The anisotropy of a substance can thus be determined from the extent of departure of an isolated grain from a spherical shape. Despite its importance in controlling rock properties, the extent of surface energy anisotropy in common rockforming minerals is not well known. Qualitative assessments of the relative extent of anisotropy in melt-bearing aggregates have been made using the extent of development of planar melt-solid interfaces (Laporte, 1994; Lupulescu & Watson, 1995; Cmíral et al., 1997) , although detailed assessments of equilibrium grain shapes are rare (Kretz, 1966; Vernon, 1968; Laporte, 1994; Saiki et al., 2003) . A study of the anisotropy of mineral surfaces wetted by silicate melts has been presented by Schäfer & Foley (2002) , who concluded that anisotropy increases in the order spinel < orthopyroxene < olivine < clinopyroxene. Apparently fully equilibrated grains of even relatively anisotropic minerals such as amphibole Lupulescu & Watson, 1999; Vernon, 1999; Holness et al., 2005) develop significant areas of curved surface in contact with silicate melts, showing that the anisotropy of common geological materials is not sufficient to stabilize completely faceted grains. Fully faceted grains of such minerals are, thus, out of textural equilibrium, with shapes controlled more by growth processes than by minimization of interfacial energy.
There is little information on the range of dihedral angles to be expected for texturally equilibrated rockforming anisotropic minerals. Kretz (1966) and Vernon (1968 Vernon ( , 1970 presented standard deviations for solid-solid dihedral angle populations for granulite-grade rocks, Holness et al. (2005) presented some preliminary data for melt-solid angles, and Laporte & Provost (2000a) presented a calculated standard deviation for meltbearing feldspar aggregates.
ANALYTICAL METHODS
For anisotropic materials, sophisticated statistical techniques are required to extract the range of true equilibrium angles from populations of dihedral angles measured on 2-D sections (e.g. Laporte & Provost, 2000a) . However, for sufficiently coarse-grained samples (which include many natural materials of interest), direct measurement of the true dihedral angle can be achieved using a universal stage mounted on an optical microscope, thus permitting direct assessment of the true range of angles and consequently the significance of anisotropy on melt topology (e.g. Kretz, 1966; Vernon, 1968 Vernon, , 1970 Vernon, , 1997 Holness, 2005; Holness et al., 2005) .
I used a four-axis Leitz Wetzlar universal stage, mounted on a Leitz Wetzlar Ortholux microscope, with a magnification of ·300. The universal stage permits up to 80 rotation of the thin section from the horizontal, and allows accurate measurement of most of the dihedral angles present in the sample, with an error on each measurement of a few degrees. I measured between 32 and 104 angles in each sample, using trial and error to align all three boundaries at three-grain junctions so that they were parallel to the line of sight. Parallelism resulted in the boundaries being at their most sharply defined, and the optimum position was estimated by eye. Measurement of dihedral angles was made from pairs of phenocrysts joined by a well-defined grain boundary, and from coherent crystal clots displaying well-defined grain boundaries. Up to 10 thin sections were made of individual samples with rare crystal clots, to obtain a statistically meaningful value of standard deviation.
CHOICE OF SAMPLES
The set of samples is dominated by porphyritic lavas from the Harker Collection (housed in the Department of Earth Sciences, University of Cambridge). Care was taken to choose lavas in which the phenocrysts show no signs of resorption or reaction on the margins, and which have at least some surface rounding, indicating approach to equilibrium. An additional criterion was a fine-grained or glassy groundmass. The sample set comprises a range of liquid compositions from picrite, through basalt, to phonolite and rhyolite. Several samples contain two phenocryst minerals. Details of the samples, with brief indications of mineral and liquid compositions (together with references for more detailed compositional information), are given in Table 1 .
Further samples are from the rift-related, Quaternary, Kula Volcanic Province in western Turkey, where several of the monogenetic, tephrite-basanite volcanic cones contain abundant crystal-rich nodules derived from a crystal mush that developed on the margins of the magma plumbing system during fractionation of earlier erupted lavas (Holness & Bunbury, 2005) . The nodule population is dominated by almost monomineralic, phonolitic glass-bearing, amphibole cumulates, some of which contain variable amounts of clinopyroxene and apatite.
Other samples of glass-bearing, crystal-rich, nodules were collected from the basaltic Borgahraun flow from the Theistareykir segment of the Northern Volcanic Zone of Iceland. The crystal-rich nodules are small (<1 cm diameter) and include gabbros, wehrlites and troctolites; details have been given by Maclennan et al. (2003) . Some dihedral angle measurements from these nodules have been reported previously by Holness et al. (2005) .
Amphibole
Fresh amphibole phenocrysts are rare in lavas, as a result of dehydration breakdown on ascent. Only one suitable sample was found. This is a nodule from the Kula Volcanic Province, dominated by pristine kaersutitic amphibole set in vesicular phonolitic glass (Fig. 1a) .
Clinopyroxene
Pigeonite phenocrysts in an inninmorite [this local name, originating with Anderson & Radley (1915) , refers to a fine-grained andesitic to dacitic rock containing phenocrysts of calcic plagiclase and pigeonite] form glomerocrystic clumps of non-faceted rounded grains (Fig. 1b) . Titanaugite in the glassy nodules of the Kula Volcanic Province forms a framework of partially faceted grains (Fig. 1c) . A further sample is a basalt from the Mammoth Lakes area of California, in which diopsidic clinopyroxene forms almost fully faceted phenocrysts (Fig. 1d) .
Olivine
Olivine-melt dihedral angles were measured in a glassy nodule within a basaltic flow from Theistareykir. The nodules comprise a low-porosity aggregate of rounded olivine grains (Fig. 1e) . A further sample is from an olivine-phyric (Fo 90 ) picritic dyke on the Isle of Rum, known as M9 (McClurg, 1982; Upton et al., 2002) , in which olivine forms partially faceted phenocrysts (Fig. 1f ).
Measurements were also made of faceted olivine phenocrysts in a picritic dyke from Applecross, Scottish Highlands, in the basalt from the Mammoth Lakes area of California (Fig. 1d) , and in olivine-rich phonolitic glassbearing nodules from Kula.
Leucite
Leucite-glass angles were measured in the abundant, monomineralic, polycrystalline clumps of leucite in glassy tephrite from the 1889 flow on the SE side of Mount Vesuvius (Fig. 1g ).
Plagioclase
The sample set includes clumps of partially faceted plagioclase phenocrysts associated with pigeonite in the inninmorites (Fig. 1 h) , and plagioclase-dominated, glass-bearing, nodules in the Theistareykir basalts (Fig. 1i) . Further measurements were made on rounded plagioclase glomerocrysts in pitchstones from the Isle of Arran.
Quartz
Quartz phenocrysts are found only in highly silicic lavas such as rhyolites. Measurements were made on quartzphyric glassy rhyolites containing glomerocrysts of smoothly rounded, only rarely faceted, quartz (Fig. 1j) .
RESULTS
The mean, median and standard deviation, together with the size of the measured population, are given for each sample in Table 1 . The full dataset (Electronic Appendix 1) is available for downloading from the Journal of Petrology web site at http://www.petrology.oupjournals. org. Representative frequency plots are given in Fig. 2 . The range of mean, median and standard deviation is shown in Fig. 3 . It was found that the mean and median changed by <1 for successively larger populations of measurements for populations greater than about 25 observations. However, stabilization of the standard deviation (i.e. to within 1 ) requires populations of >50 measurements. The error on the standard deviation is likely to be AE3
, and that of the mean and median value is likely to be AE1
. The mean is generally higher than the median, and the populations are slightly positively skewed relative to a symmetrical distribution. The kurtosis of each population varies from À0Á9 to 2Á6, with most populations being peaked relative to a normal distribution.
The melt-solid dihedral angle population for each mineral phase is distinct (Fig. 3) . For each mineral, the mean and median vary within a maximum range of 3 (with the exception of olivine, for which the mean varies by up to 5 ), regardless of the composition of the melt. The standard deviation also generally varies by only 3 for each mineral, although there is a single result for olivine with a very low standard deviation. This outlier represents a population of 34 measurements and its standard deviation is most probably too low. The result is included to show that the mean and median of this population are indistinguishable from those determined from larger populations.
The lowest melt-solid dihedral angles occur in quartz aggregates, with increasing angles observed for leucite, plagioclase, olivine, amphibole and clinopyroxene. In general, the lowest standard deviations, and thus the lowest degree of anisotropy, are found for the minerals with the lowest mean and median dihedral angles. The least anisotropic system is quartz-melt, with leucite and plagioclase displaying a greater extent of anisotropy. The most anisotropic minerals are olivine, amphibole and clinopyroxene, for which the standard deviations are indistinguishable.
There is no effect of the degree of rounding of the phenocrysts on either mean, median or standard deviation. This is particularly well illustrated by clinopyroxene, for which the samples range from almost fully faceted to completely rounded grains (Fig. 1b-d) .
DISCUSSION AND CONCLUSIONS
The relative order of increasing anisotropy of quartz < leucite ¼ plagioclase < olivine ¼ clinopyroxene ¼ amphibole differs somewhat from the results of Schäfer & Foley (2002) , who found that olivine was less anisotropic than clinopyroxene. This suggests that the standard deviation for some of the olivine samples described here may be slightly too high, perhaps as a result of the presence of a small number of non-equilibrated boundaries. To a first approximation, the order of increasing anisotropy presented here is reflected in the relative magnitudes of the birefringence for these minerals.
Some of the quartz and plagioclase phenocrysts in the sample suite show embayments, perhaps indicative of resorption (Fig. 1j) . However, Vernon (2004) suggested that such textural features may be partially equilibrated dendrites in the case of quartz. The melt-solid dihedral angles in these samples were mainly measured in enclosed pores, which are unlikely to have been affected by dissolution (e.g. Fig. 1 h-j) . I suggest that the observed quartz-melt and plagioclase-melt angle populations represent textural equilibrium. Evidence that dissolution did not control the grain shapes of the non-embayed phenocrysts (e.g. Fig. 1a and b) is provided by smoothly curved grain surfaces, which show no break in slope as two-grain junctions are approached. Such constant mean curvature is a requirement of textural equilibrium for isotropic materials , and is unlikely to occur for grains that have been partially resorbed.
The sample suite displays a range of grain shapes for each of the minerals examined. This is particularly well illustrated for clinopyroxene (Fig. 1b-d) . I suggest that the range in shapes results from a varying balance between Table 1 .) Fig. 3 . Mean, median and standard deviations of true 3-D melt-solid-solid dihedral angles in natural rocks. The large symbols give the median values of the populations, and the coupled small dot gives the mean. For the great majority of the samples the mean is higher than the median, and the population has a slight positive skewness. the two controls of grain growth and interfacial energy minimization. Growth results in planar facets, which are then rounded during an approach to textural equilibrium. The wide variation in approach to the rounded equilibrium shape observed in the sample suite reported here would then be caused by differences in the relative rates of crystal growth and textural equilibration, as a result, perhaps, of differences in cooling or ascent rates of the individual magma systems. The rounded form of the pigeonite in Fig. 1b is admittedly very rare. I suggest that this rarity results from the dominant role of crystal growth in erupted magmas: the generally observed euhedral shape of pyroxene phenocrysts (e.g. Fig. 1d ) is due to growth control on crystal shape rather than a faceted equilibrium shape.
If it is true that the equilibrium shape of clinopyroxene is dominated by curved surfaces, then given the relatively high standard deviation for the equilibrium clinopyroxene-melt angles (and hence the relatively anisotropic nature of pyroxene) this suggests that the equilibrium shape of amphibole (with a similar standard deviation, Fig. 3) is not dominated by planar facets, but is similarly rounded, consistent with Fig. 1a . In this Kula enclave, the amphibole grains are variably elongate, although they exhibit significant rounding of the {110} faces. The elongate amphibole prisms common to many experimental charges (and many natural examples) are thus most probably a result of growth control, and if further time were available, would attain a shape similar to those for clinopyroxene (Fig. 1b) .
The populations of angles obtained from well-rounded phenocrysts are indistinguishable from those obtained from more euhedral grains. This is consistent with the conclusions of and Holness et al. (2005) that the equilibrium dihedral angle is achieved faster than the equilibrium shape, especially for large crystals. This suggests that the dihedral angle may control melt topology and connectivity even in rocks with grainscale textures far from equilibrium.
The pressure and temperature conditions under which the phenocrysts, glomerocrysts and enclaves of the sample suite equilibrated with their host are not known, but are likely to cover a wide range. Given this, and the wide range of liquid compositions represented in the sample suite, the similarity of the dihedral angle populations for each mineral is noteworthy. The absence of an effect of melt composition on dihedral angle is consistent with the experimental results of Laporte (1994) for quartz-melt, and also with the conclusions of Laporte & Provost (2000b) for olivine-melt. If the published values for olivine carbonatite (Hunter & McKenzie 1989; Watson et al., 1990) , and olivine komatiite are correct, this would suggest olivine-melt dihedral angles remain at $30 in liquids ranging in composition from komatiite, through carbonatite, basalt and phonolite to picrite. The only exception to this is the unusual SiO 2 -rich mantle melt investigated by Maumus et al. (2004) . Such constancy of melt-solid dihedral angle across a wide spectrum of liquid compositions also appears to hold for plagioclase and clinopyroxene.
The lack of compositional control is surprising. In simple binary silicate systems, such as diopsideanorthite, there is a clear relationship between solidsolid-melt angle with composition, analogous to those observed in binary metallic alloys [Ikeda et al. (2002) : their results also show a related variation with temperature]. The answer may lie in the greater complexity of natural systems. Interfacial energies are strongly controlled by adsorption of chemical species from the liquid, and it is possible that selective adsorption [as shown by the results of Wanamaker & Kohlstedt (1991) ] may counteract any tendencies towards a systematic change of interfacial energy with liquid composition.
The median values of the dihedral angle populations are compared with those in the published literature in Fig. 4 . The amphibole datum is in agreement with that of Vicenzi et al. (1988) and ; the quartz data are in agreement with the results of Laporte (1994) and Laporte & Vielzeuf (1994) ; the plagioclase data are close to those of Laporte et al. (1997) and Holness et al. (2005) ; and the olivine data are close to those of Bulau (1982) and Holness et al. (2005) . The clinopyroxene data are similar to the top of the range of values of enstatite-melt angles obtained by von Bargen & Waff (1988) , consistent with the results of Schäfer & Foley (2002) , who found that enstatite is less anisotropic (and thus likely to have a lower median dihedral angle; Fig. 3 ) than diopside.
A significant number of previously published medians differ from those reported here, with many being much higher. An exception to this is the low olivine-basalt angle reported by Cmíral et al. (1997) ; however, Laporte & Provost (2000a) considered the result of Cmíral et al. (1997) to be biased towards low angles. The large range of previously reported values merits some discussion, given the new results, which show that it cannot plausibly be accounted for by differences in melt composition or in composition of solid solutions (or, probably, by differences in pressure nor temperature).
Overestimation of a dihedral angle may be due to several factors. Laporte (1994) and Laporte & Provost (2000a) pointed out that the grain size of experimental charges is generally small, prohibiting accurate measurement of the angle in the immediate vicinity of the pore corner. A further contributory factor may be the influence of crystal growth during an incompletely equilibrated charge, which results in an increase of median angle towards a maximum of $60 (Elliott et al., 1997; Holness et al., 2005) .
